Acetate-intercalated layered double hydroxides (LDHs) of Ni and Al undergo reversible hydration in the solid state in response to the ambient humidity. The LDH with a high layer charge (0.33/formula unit) undergoes facile hydration in a single step, whereas the LDH with a lower layer charge (0.24/formula unit) exhibits an ordered interstratified intermediate, comprising the hydrated and dehydrated layers stacked alternatively. This phase, also known as the staged S-2 phase, coexists with the end members suggesting the existence of a solution-type equilibrium between the S-2 phase and the end members of the hydration cycle. These LDHs also undergo facile aqueous exfoliation into 2-5 nm-thick tactoids with a radial dimension of 0.2-0.5 mm.
Introduction
Layered solids are widely studied in the literature for their physicochemical properties associated with anisotropy in bonding [1] . Intercalation chemistry is one such property, in which guest ions/molecules are reversibly inserted in between the host layers [2] . Intercalated species tune the properties of these materials thereby making them useful for numerous applications [3] [4] [5] [6] .
Generally, intercalation reactions of layered solids are topotactic in nature [7] . The layers remain intact as the outgoing species are replaced by the incoming species and the principal symmetry elements of the crystal along the stacking direction are conserved. Such reactions are accompanied by the swelling or contraction of the crystal along the stacking direction depending on the size of the leaving ions relative to the incoming ions. From a microscopic perspective, the question is often asked: does this exchange process start simultaneously at all the galleries resulting in a uniform swelling of the crystal? Intercalation reactions of graphite [8] , transition metal chalcogenides [9] and some cationic clays proceed through intermediate staged products [10] . Staging arises on account of the intercalation reaction going to completion at periodically select galleries, even before the reaction is initiated in other galleries resulting in ordered products with an expansion of the unit cell in the stacking direction. Evidence of staging is the observation of a large cell parameter which is expressible as a linear combination of the basal spacings of the precursor and the eventual product phase. A substoichiometric exchange reaction leads to the isolation of the staged intermediates [11] .
Layered double hydroxides (LDHs) are a class of layered materials belonging to the clay family [12] . However, these are anionic clays. They possess positively charged metal hydroxide layers, with anions and water molecules intercalated in the interlayer region. The structure of the LDHs is derived from that of mineral brucite Mg(OH) 2 6 ] þ , in which the Li and Al ions are ordered and occupy two symmetry distinct sites. These I, III LDHs are based on the structure of Al(OH) 3 [14] . The chief difference between the two being, the latter have a cation ordered layer. In the former, cation order is not apparent from X-ray diffraction studies [15] .
By virtue of their structure both classes of LDHs exhibit anion exchange/ intercalation reactions [16] . There are a few reports of intermediate staged phases in the Mg(OH) 2 -based LDHs [17, 18] . On the other hand, the Al(OH) 3 -based LDHs show evidence of staged intermediates, only during the exchange of inorganic anions for organic ions from solution and not vice versa [19, 20] . Further the isolation and characterization of staged phases during an exchange reaction is rendered difficult by the rapid kinetics of the exchange reactions. The observation of staged intermediates is attributed to cation ordering in the Al(OH) 3 -based LDHs. This correlation is based on the simultaneous observation of the two phenomena rather than there being a necessary logical link between them.
In addition to anion exchange, LDHs exhibit a very high affinity for water molecules and undergo reversible hydration in response to ambient humidity [21] . On being dispersed in water, some LDHs, especially those containing carboxylate intercalates undergo swelling and eventual exfoliation/delamination [22] [23] [24] . Interest is emerging in the application of positively charged metal hydroxide nanosheets for devices [25, 26] . However, delamination of LDHs in aqueous medium is a rare phenomenon and there are only a few reports to date [22] [23] [24] . Other studies have employed organic solvents such as formamide, n-alkanols and toluene among others [27] [28] [29] . Given the increasing interest in aqueous delamination of LDHs, which is seen as a green process, in this paper, we examine the reversible hydration of acetate-intercalated Ni/Al LDH [Ni/Al-OAc] with the objective of obtaining a mechanistic view of the phenomenon. We report the formation of staged hydrates which have all the features of a thermodynamically stable phase.
Materials and methods

Synthesis
Ni(NO 3 ) 2 Á 6H 2 O, Al(NO 3 ) 3 Á 9H 2 O, and acetamide were procured from Merck (India) and used without further purification. Type-II water was used (specific resistance 15 MO cm, Millipore Elix-3 water purification system) throughout the synthesis to prepare all the solutions. Water decarbonation was carried out by boiling deionized water to expel dissolved CO 2 
Anion exchange
Anion exchange reaction of [Ni/Al-OAc] LDH was performed by placing 0.25 g of LDH in a 100 mL screw-capped bottle. To this 50 mL of a solution of NaX (X ¼NO 3 , I) containing five times the stoichiometric amount of X À ions was added. The solution of NaX was prepared in decarbonated water. The resultant reaction mixture was stirred for 24 h, and the products were recovered by centrifugation, washed, and dried at 65 1C for 24 h. For the purpose of exfoliation, the slurry of the as-prepared [Ni/Al-OAc] LDH was taken in a 250 mL screw-capped bottle. To this 100 mL of decarbonated water was added and the bottle was sealed with Teflon tape, and resultant suspension was stirred for 48 h.
Characterization
Ni and Al contents in the LDH were estimated using inductively coupled plasma-optical emission spectroscopy (ICP-OES) technique (Perkin-Elmer Model Optima-2100DV). The Ni content was determined with an error of 74.6%, Al content was determined within an error of 76.2%. The acetate content was determined by ion-chromatography using a Metrohm 861 Advanced Compact ion-chromatography with Metrosep A SUPP5 250 anion column and conductivity detector (error, 71% of the measured value). Water content of all the LDHs was estimated by thermogravimetry (TGA) using a Mettler Toledo TG/SDTA 851 e system driven by star e software (heating rate 5 1C min
, flowing N 2 ). All LDH samples were characterized by powder X-ray diffraction (PXRD) using a Bruker aXS Model D8 Advance diffractometer (y-2y scan, Cu K a radiation, l¼1.541Å). Data were collected at a continuous scan rate of 212y min À 1 . In situ measurements of the PXRD patterns under controlled humidity condition were carried out using a PANanalytical X 0 pert pro X-ray diffractometer (y-2y scan, step size 0.01712y, Cu K a radiation, l¼1.541Å, BraggBrentano geometry) equipped with a X 0 celerator scientific RTMS and an Anton Paar temperature humidity chamber driven by a VTI Corp. RH-200 humidity generator. Diffax [30] (version 1.807), a FORTRAN based computer program, was used to simulate the PXRD pattern of the staged phase. Infrared spectra (IR) of all the samples were recorded using a Bruker Alpha-P FT-IR spectrometer (ATR mode, Diamond crystal, 400-4000 cm À 1 , 4 cm
resolution). Scanning electron microscopy (SEM) images were obtained using JEOL JSM 6490LV scanning electron microscope. Powder samples were spread over conducting carbon tape and sputter coated with Pt to improve conductivity. Topographical images of the exfoliated LDHs were recorded using a Nanosurf easyScan 2 Atomic Force Microscope, operated in contact mode. A few drops of the LDH-suspension were dropped on to a silicon wafer and dried in the oven for about 1 h.
Results
Hydrolysis of acetamide proceeds according to the equation [31] :
This is an ideal route to synthesize acetate containing LDHs, as the generated ammonia helps in precipitating metal hydroxides, and acetic acid serves as a source for the acetate ion. We attempted to prepare a number of acetate containing LDHs with different divalent and trivalent metal ion combinations, but the only successful syntheses were of Ni/Al and Co/Al systems. Ni/Al LDHs with x ¼0.33, 0.25, 0.20, and 0.15 were attempted to be synthesized, but chemical analysis of resultant products indicated the formation of LDHs with only two [Ni]/[Al] ratios. Based on the measured [Ni]/[Al] ratio, the x value was determined. Where x exceeds a value of 0.33 [32] , the cation vacancy model,
, was adopted to arrive at the approximate molecular formula, in keeping with the trivalent cation avoidance rule [12] . In this model, Al content in excess of 0.33 is presumed to substitute for Ni and the excess positive charge on the Ni sublattice is balanced by cation vacancies. When this assumption is made, the residual positive charge on the metal hydroxide layer, arising from the Al sublattice is found to agree with the observed acetate content. The TGA data of the acetate-LDHs do not exhibit well defined mass loss steps (Supporting information SI. 1). The water content observed from TGA data corresponds to nearly 1.7-1.8 mol of water per formula unit of the LDH. The water content is much higher than what is predicted from crystal chemistry considerations, which explains the lack of structural order in the material. All this water is lost below 100 1C (mass loss: 15-17%). Given the low temperature involved, we attribute this to water loosely bound in the higher coordination shells of the acetate ions. The mass loss observed from 100 1C up to 800 1C (32-35%), leading to the formation of the oxide residue, corresponds to what is expected of the dehydrated LDH. Based on the chemical analysis and TGA studies, we arrive at the appropriate chemical formulae given in Table 1 . For convenience the compound with the higher layer charge (0.33) is referred to as LDH1 and the other with a lower layer charge (0.24) is referred to as LDH2.
PXRD pattern of the as-prepared LDH1 (Fig. 1a) , shows a d-spacing of 12Å (7.412y), which corresponds to a bilayer arrangement of acetate ions in the interlayer. The IR spectrum (Fig. 2a) shows vibrations at 1543 and 1407 cm À 1 corresponding to the antisymmetric and symmetric stretching modes of the COO À group, respectively [33] . The band at 1341 cm À 1 is due to bending mode of the -CH 3 group of the acetate ion. Since acetate ion has high hydration energy [21] , acetate-LDHs are expected to be sensitive to the ambient humidity. When the LDH was equilibrated at 100 1C in an oven for 1 h, the basal spacing contracted to 8.8Å (1012y) (Fig. 1b) . On rehydration by equilibrating the sample in a moisture chamber (RH 98%, 24 h) the hydrated phase is restored (Fig. 1c, basal spacing 12.6Å, 712y) . The 8.8Å-phase corresponds to a monolayer arrangement of acetate ions in the interlayer. SEM image of LDH1 (Fig. 3a) shows a flaky morphology typical of LDHs. The lamellae are not facetted and the edge to surface connectivity yields the 'sand rose' morphology.
To determine the selectivity of LDHs for the acetate ion, anion exchange reactions were carried out, using NO 3 À and I À ions in solution. The PXRD pattern of NO 3 intercalated LDH obtained after the exchange (Fig. 4a) shows a d-spacing of 8.8Å (1012y), that is typical of NO 3 intercalated LDHs. Further, NO 3 intercalation was verified by the IR spectrum (Fig. 4b) , which shows a strong band at 1340 cm À 1 due to the intercalated NO 3 À ion and the disappearance of the vibrations due to the carboxylate group. Ion chromatographic analysis of the product LDH showed a nitrate content of 0.3270.01 mol per formula unit of LDH1 showing that acetate ion is stoichiometrically displaced. On the other hand exchange of acetate for I À ions from solution was unsuccessful. PXRD pattern of as-prepared LDH2 (Fig. 5) , shows multiple low angle reflections and they cannot be assigned to the basal reflections of a single phase. On close examination three different phases, all pertaining to acetate intercalated LDHs are observed. To verify that the three phases have indeed a common origin, LDH2 was dehydrated at 100 1C to obtain the 8.8Å-phase (Fig. 6a) , which on subsequent hydration (98% RH) yielded the 12.7Å-phase (Fig. 6b) . Interestingly these two phases were unstable, and revert back to the original three phase-mixture on equilibration with the ambient humidity (Fig. 6c) . The early time points of the recovery (0-90 min) of the interstratified phase from the hydrated phase are shown in Supporting information SI. 2. The recovery of the three-phase mixture is complete in about three hours of standing in the ambient (RH¼70%; T¼25 1C) (RH: relative humidity). The dehydrated phase on the other hand transforms within 20 min. to the three-phase mixture under similar conditions. The appearance of the low angle (4.312y, 20.6Å) reflection and its higher harmonics indicates the presence of a second stage phase (S-2), which coexists with the end members in the as-prepared product. The basal reflections of the S-2 phase are simulated using the Fortran Code DIFFaX, by stacking the hydrated (12.7Å), and dehydrated (7.9Å) phases one above the other in an ordered fashion and compared with the observed pattern (Fig. 5) . Based on the above observation it seems that, LDH2 is a mixture of three individual phases. Further, this mixture appears to represent equilibrium. Evidence for acetate intercalation in LDH2 is provided by the IR spectrum (Fig. 2b) . The SEM image of the LDH2 (Fig. 3b) shows micrometer sized lamellae curled at the edges.
To verify the ex situ hydration/dehydration behavior and observation of staging in LDH2, in situ measurements were carried out as a function of relative humidity and temperature. PXRD pattern of LDH2 equilibrated at o5% RH (under dry N 2 ) at 25 1C (Fig. 7a) shows reflections due to all the three phases, similar to the as-prepared sample. Clearly, LDH2 cannot be dehydrated at 25 1C by RH variations. At this RH, the S-2 phase (I) is dominant. At 50-70% RH, the hydrated phase starts to grow at the expense of the other two phases (Fig. 7b-d) . However, contrary to ex situ studies, even at RH 98%, a hydrated single phase was not observed. Temperature induced in situ dehydration of LDH2 was studied by keeping the sample at o5% RH, and increasing the temperature. Complete dehydration is observed at 40 1C itself (Fig. 8) . There is a spilt in the basal reflection at $ 1012y, corresponding to d-spacings of 8.8, 8.2 and 7.8Å, respectively. These distances are due to crystallites with different orientations of the acetate ion in the interlayer.
Given their hydration behavior, the acetate-LDHs are candidate materials for aqueous exfoliation. On soaking LDH2 in water (48 h stirring) a stable colloidal suspension was obtained. The suspension was stable for over four weeks with little or no settlement. The suspension exhibits Tyndall effect (Supporting information SI. 3).
AFM images of the suspension after 'drop and dry' procedure on a Si substrate exhibit tactoids of 2-5 nm thickness with in-plane dimensions of 200-500 nm. A typical height profile of a tactoid with an aspect ratio of $ 100 is shown in Fig. 9 . This clearly demonstrates that LDH2 intercalated with acetate has been exfoliated in water, due to the high hydration energy of the acetate ion.
Discussion
Many mineral forms of the Ni/Al LDH are known, the most common being takovite [34] in which A ¼CO 3 2 À . Unfortunately synthetic-takovite shows little interlayer chemistry. There are two reasons:
LDHs have a very strong affinity for carbonate anions and they are not exchangeable.
Calorimetric measurements show that CO 3 2 À ions in the solid state have near zero hydration enthalpy [35] .
Hydration studies can only be carried out with LDHs containing anions with a very high negative enthalpy of hydration. MD simulations show that carboxylate anions such as citrate have a very high hydration energy close to that of bulk water [21] , thereby predicting the possibility of aqueous exfoliation of LDH. In line with these predictions, lactate-LDHs were exfoliated by soaking in water [22] . The acetate ion is among the smaller carboxylates.
Synthesis of acetate containing LDHs by conventional coprecipitation technique was unsuccessful, as salts of acetate have high solubilities in water [36] . The anion exchange method does not give single phase LDHs, as precursor anions are not quantitatively replaced on account of the poor selectivity of LDHs for the acetate anion. Therefore, to prepare acetate containing LDHs, we employed the homogenous precipitation method by using acetamide as the hydrolyzing agent. Acetamide undergoes hydrolysis by generating CH 3 COO À at elevated temperatures, yielding the acetate containing Ni/Al LDH. As amides are weakly basic in nature due to the resonating nature of lone pairs of electrons on the nitrogen atom, the extent of hydrolysis is not significant. Consequently, the pH generated at the end of the reaction is in the range of 5-6 and is not adequate to nucleate other LDH systems.
The ingress of water molecules in the interlayer region of the LDHs depends on the layer charge, anion size, anion charge as well as the relative humidity. Iyi and coworkers [37] have shown that hydration occurs favorably for LDHs with a high layer charge as well as for anions with a high charge. Hydration of LDHs is enthalpically not favorable, as it depletes the strength of the coulombic attraction between the layer and the interlayer anions. At the same time there are energy gains due to the hydration of the intercalated anions. The net energy difference between these two processes represents the energy barrier to the ingress of water molecules. There is need to minimize this energy barrier, to realize aqueous exfoliation of LDHs. Staging appears to be a mechanism by which this barrier is reduced. Staging permits the insertion of water molecules in galleries with a select periodicity, whereby the coulombic interaction in other galleries is unaffected. Staged intermediates are found in most exchange reactions with a short life time as staged products make way for the final product. In the present case, LDH1 with a higher layer charge undergoes hydration in a single step, without the formation of any staged intermediates. LDH2 with a lower layer charge forms the S-2 phase which appears together with the end phases.
Both the single phase hydrated, as well as the dehydrated LDH2 samples revert back to the mixture of three phases on equilibration in the ambient. When the hydrating environment was lifted from the completely hydrated sample, the sensitivity of the acetate ion to the ambient humidity makes the LDH to loose its intercalated water molecule by diffusion. In the process of dehydration a S-2 staged phase and dehydrated product are seen. The reasons for simultaneous occurrence of the initial compound (hydrated phase), final compound (dehydrated), and the intermediate (staged) phase are: (i) the slow kinetics of the process or (ii) a solution kind equilibrium.
S-23H þD (H: hydrated, D: dehydrated).
The fact that a similar behavior was seen when LDH2 was lifted from a dehydrating environment suggests that the phenomenon is akin to a solution-type equilibrium. The process of hydration/dehydration is shown schematically in the Table of Contents. This transformation is proposed based on the layer thickness (4.6Å), and the approximate size of the acetate ion (3.96Å) [38] and one water layer (2.8Å) [39] .
Conclusions
In conclusion, we propose a solution type equilibrium between the hydrated, dehydrated and interstratified phases in the Ni/Alacetate LDH system. The equilibrium can be shifted towards either of the end members by varying the relative humidity of the surrounding atmosphere. Due to the high sensitivity of this LDH system to hydration of the intercalated acetate ions, aqueous exfoliation of the LDH is a facile process.
